Abstract: Supercritical fluid extraction (SFE) is a sustainable technique used for the extraction of lipophilic metabolites such as pigments and fatty acids. Arnica plant is considered a potential candidate material with high antioxidant and antimicrobial activities. Therefore, in this study, a locally available Heterotheca inuloides, also known as Mexican arnica, was analyzed for the extraction of high-value compounds. Based on different pressure (P), temperature (T), and co-solvent (CoS), four treatments (T) were prepared. A maximum 7.13% yield was recovered from T2 (T = 60 • C, P = 10 MPa, CoS = 8 g/min), followed by 6.69% from T4 (T = 60 • C, P = 30 MPa, CoS = 4 g/min). Some bioactive sesquiterpenoids such as 7-hydroxycadalene, caryophyllene and δ-cadinene were identified in the extracts by GC/MS. The fatty acid profile revealed that the main components were palmitic acid (C16:0), followed by linoleic acid (C18:2ω6c), α-linolenic acid (C18:3ω3) and stearic acid (C18:0) differing in percent yield per treatment. Antibacterial activities were determined by the agar diffusion method, indicating that all the treatments exerted strong antibacterial activity against S. aureus, C. albicans, and E. coli strains. The antioxidant capacity of the extracts was also measured by three in vitro assays, DPPH, TEAC and FRAP, using Trolox as a standard. Results showed high antioxidant capacity enabling pharmaceutical applications of Mexican arnica.
Introduction
A wider spectrum of naturally occurring plants with medicinal value has been utilized for thousands of years in traditional medicine. Among them, Heterotheca inuloides, (known as Mexican arnica) has attracted a great deal of interest due to its potent characteristics as anti-inflammatory agent, as anti-microbial and anti-oxidant, and as a rich source of high-value compounds [1] . H. inuloides belongs to the Asteraceae family, it is a herbaceous perennial plant and is widely distributed in the mountainous areas in Mexico [2] . Owing the above-mentioned novel characteristics, Mexican arnica is used in phyto-preparations for tropical treatment purposes, such as contusions, sprains and rheumatic disorders [3] . Bioactive components exhibiting pharmacological effects in arnica are mainly sesquiterpene lactones and their ester derivatives. Its anti-inflammatory properties are due to the presence of sesquiterpene lactones [4] , while its anti-microbial activity and anti-oxidant capacity are attributed to phenolic compounds and flavonoids that act synergistically with the sesquiterpene lactones [5] .
Results and Discussion

Extraction Yield
The operational conditions used for SFE and the obtained yields are shown in Table 1 . Supercritical extracts were yellowish liquids with percent yield ranging from 4.62% to 7.13% (w/w). In this study we used a Taguchi design (L4) to analyze the main factors affecting the supercritical extraction of H. inouloides: pressure (100, 30 MPa), temperature (40, 60 • C) and co-solvent flow (4 and 8 g/min). Ethanol was chosen as a co-solvent due to its GRAS (Generally Recognized As Safe) status and because of its high polarity (5.2), solubilizing a wide range of polar compounds [13] . + Ethanol 96% was used as co-solvent, fixed conditions were CO 2 flow (25 g/min), extraction time of 60 min (40 min CO 2 plus Co-solvent + 20 min with only CO 2 ). All treatments were performed in triplicate. Statistical difference between treatments is denoted by letters a and b.
Four different treatment conditions were applied and the highest extraction yield (7.13% w/w) was the result of a combination of high pressure (30 MPa), low temperature (40 • C) and high co-solvent flow (8 g/min), which is also favorable since high pressure contributes to cell rupture, facilitating compounds extraction [14] . The low temperature additionally helps against thermal degradation of sesquiterpenes, the main bioactive elements of H. inuloides [15] . The analysis of variance (ANOVA) showed that pressure and temperature are factors with statistical significance (p < 0.1) with regards to the extraction yield (Table 2 ). All the evaluated treatments were further analyzed through Taguchi design and the results obtained are illustrated in Figure 1 . (p < 0.1) with regards to the extraction yield (Table 2 ). All the evaluated treatments were further analyzed through Taguchi design and the results obtained are illustrated in Figure 1 . 
Gas Chromatography (GC) Analysis
The previously extracted samples were re-dissolved in a mixture of ethanol and dichloromethane (7:3) prior to the chromatographic analysis. The resultant compounds obtained by gas chromatography-mass spectrometry (GC-MS) analysis are summarized in Table 3 . A total of 15 compounds were identified, among them some fatty acid decarboxylation products. Previous reports by solvent extraction of H. inuloides have shown cytotoxic effects against breast carcinoma (BT-20 cells), epitheloid cervix carcinoma (HeLa cells), and melanoma skin in human and mouse cells [16] . Some bioactive sesquiterpenoids identified in such Mexican arnica extracts are 7-hydroxy-3,4-dihydrocadalene, 7-hydroxycadalene, β-caryophyllene and β-caryophyllene epoxide [17] . As expected, these compounds were also present in our extracts, confirming the potential application of Mexican arnica in pharmaceutical applications.
Fatty Acid Profile
The total percentage of triglycerides present in the supercritical extracts of H. inuloides are shown in Figure 2 , ranging from 1.7% to 2.3% (w/w). Previous reports on H. inuloides have investigated the presence of compounds such as flavonoids, sesquiterpenoids and sterols, but a few studies have investigated the presence of the lipid fraction [18] . Essential fatty acids have been considered as nutraceuticals and functional foods, playing a key role in scientific research. Moreover, they also play a significant role in a range of biochemical pathways, and therefore possess useful medicinal properties such as cardio-protective and anti-inflammatory, among others [19] . 
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Antimicrobial Susceptibility Test
The antibacterial and antifungal activity of supercritical extracts was tested against Staphylococcus aureus ATCC 25923, Candida albicans ATCC 10231, Pseudomonas aeruginosa ATCC 27853 and Escherichia coli ATCC 25922. It was observed that all tested treatments exhibited antimicrobial behavior against S. aureus ATCC 25923 which is among the most common Gram positive bacteria causing food poisoning. As it is shown in Figure 3 , all four treatments (T1 to T4) showed a strong bactericidal effects against C. albicans ATCC 10231, whereas in case of E. coli ATCC 25922 only T1, T2 and T3 were among the most effective treatments. By contrast, T4 was not as effective particularly against E. coli ATCC 25922 and P. aeruginosa ATCC 27853. None of the Mexican arnica extracts demonstrated a clear and considerable zone of inhibition against Pseudomona aeruginosa ATCC 27853. 
Antioxidant Capacity
Antioxidant molecules can be divided into preventive antioxidants and chain-breaking antioxidants. The former are responsible for scavenging reactive oxygen species (ROS) and the latter react with chain-propagating radicals [22] . The main constituents of H. inuloides responsible for its antioxidant properties are flavonoids, classified as preventive antioxidants, and sesquiterpenes, recognized as chain-breaking antioxidants [23] . Its antioxidant capacity has been studied via a series of peroxidation and scavenging assays: its inhibitory activity against lipid peroxidation in liver microsomes, red blood cells and mitochondria [24] . A treatment with a methanolic extract of H. inuloides decreased the activity of antioxidant enzymes such as catalase and Gpx in induced liver injuries [25] and its scavenging activity has been proven in several assays including OH • scavenging capacity, singlet oxygen, HOCl and ONOO-scavenging assays [1] . These studies used extracts obtained via solvent extraction, with either acetone or methanol. To the best of our knowledge, there is no information reported on antioxidant activity assays performed on supercritical H. inuloides' extracts.
The DPPH assay is based on the antioxidants' ability to quench the DPPH· radicals and while monitoring both single electron and hydrogen atom transfer mechanisms [26] . Figure 4 shows the inhibition percentage of the supercritical extracts obtained from each extraction treatment. T1 (10 MPa, 40 • C, 4 g/min co-solvent) showed the highest inhibition percentage at almost 50%. The results from the DPPH and FRAP assays are expressed in terms of µmol Trolox Equivalents (TE)/g of extract.
Overall, T2 (10 MPa, 60 • C, 8 g/min co-solvent) yielded the highest antioxidant capacity, followed by T3 (30 MPa, 40 • C, 8 g/min). These results indicate that a higher amount of co-solvent aided the extraction of antioxidant compounds. The statistical analysis determined co-solvent as the most relevant factor, followed by pressure. The optimum treatment was determined to have the highest levels of all factors: 30 MPa, 60 • C and 8 g/min of ethanol. Another study analyzed (by the DPPH assay) the isolated compounds responsible for H. inuloides' properties; the results indicate that the flavonoids quercetin and kaempferol and the sesquiterpenes 7-hydroxy-3,4-dihydrocadalin and 7-hydroxycadalin were the most efficient scavengers [22] . Given the polarity of these molecules, it is plausible that co-solvent played such an important role in obtaining highly antioxidant extracts. 
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Materials and Methods
Biological Material
All biological materials used in this study were purchased from the downtown supermarket, in Guadalajara, Mexico. The final water content in samples was 3.68% ± 0.1% (w/w). All collected samples were sieved, washed with hot water (to avoid any dust contamination), and stored in polyethylene bags to prevent the penetration of moisture. The fractions with the particle size <1.41 mm (Mesh No. 14, US Standard) were used for the extraction purposes.
SC-CO 2 Extraction and Design of Experiments (DOE)
Extractions were carried out in a pilot-scale plant for supercritical fluid extraction (Biomex, Guadalajara, Mexico) with a 100 mL extraction cell (Waters Thar SFC SFE 100 Equipment, Milford, CT, USA). The Statistica ® software (StatSoft Inc., Tulsa, OK, USA) was used for the DOE and results analysis; comparisons showing a p-value <0.10 were considered significantly different. For media comparison the Fisher Least Significance Difference (LSD) test was used. Taguchi design was used to analyze the factors of temperature, pressure and co-solvent flow. Two levels of each factor were tested as shown in Table 1 . The extraction time was defined as one hour. A fixed CO 2 flow of 25 g/min was used for all extractions, resulting in a S:F ratio of 150. Initial 40 min of the extractions were performed along with co-solvent flow. The last 20 min of the extraction were performed with just the CO 2 flow in order to allow for a proper drying of the sample. All treatments were performed in triplicate.
Gas Chromatography (GC) Analysis
A screening of compounds in the extracts was made by gas chromatography (GC) (7890B, Agilent Technologies, Santa Clara, CA, USA) connected to a mass spectroscopy detector (MS) (5977A, Agilent Technologies). Separation was carried out on a capillary column HP-5 MS (5% phenyl/95% dimethylpolysiloxane), size of 30 m × 0.25 mm × 0.25 µm (J&W Scientific, Santa Clara, CA, USA) with helium as a carrier gas with a flow of 1 mL/min. The injection was performed with a split ratio 15:1 at 270 • C. The ramp temperature in the oven started at 70 • C (1.0 min), followed by an increase to 200 • C (10 • C/min) and a holding period of 1 min, and by an increase to 310 • C (10 • C/min) and a final holding period of 7 min. The ion source and mass quadrupole temperature were 150 and 250 • C, respectively. The ionization was carried out with an electronic impact source at 70 eV. The mass range monitored by the analyzer was 30-350 Uma. The compounds were identified according to the NIST (National Institute of Standards and Technology) database. A match criterion of >85% was applied.
Fatty Acid Determination
All chemical substances were HPLC (High Performance Liquid Chromatography) grade. Solvents and acids were purchased from Sigma-Aldrich (Toluca, Mexico). Solvent systems during the test were: system A (hexane:acetone; 80:20 v/v%), system B (Methanol:Sulfuric Acid; 93:7 v/v%), and system C (hexane). Undecanoic fatty acid was used as an internal standard (400 mg/L, Supelco Inc., Bellefonte, Pennsylvania, PA, USA). A multi-standard FAME mix (Fatty Acid Methyl Esters, 10 mg/mL, Supelco Inc.) was used for fatty acid identification. 2 mL of a sample, 400 µL of internal standard solution and 2 mL of system B were heated to 80 • C for 1 h for transesterification. Once at room temperature, 5 mL (×2) of system C were added and mixed for 1 min. The upper phase was transferred for gas chromatography (GC) analysis, with a flame ionization detector (GC/FID 6890 Series Agilent Technologies, Santa Clara, CA, USA), equipped with a SP™-2380 column (30 m, 0.25 mm d (diameter), 0.20 µm of film). The temperature ramp in the oven started at 50 • C (1 min), followed by an increase up to 240 • C (4 • C/min) and a holding period of 4 min. The injector was operated at 260 • C, while the detector at 280 • C. Nitrogen gas was used as a carrier gas.
Antimicrobial Susceptibility Test
The antimicrobial activity of all the extracts was evaluated by a paper-disc diffusion test against Staphylococcus aureus ATCC 25923, Candida albicans ATCC 10231, Pseudomona aeruginosa ATCC 27853, Escherichia coli ATCC 25922 strains. An inoculum of the above-mentioned strains (1.5 × 10 8 CFU/mL, 0.5 Mcfarland Standard, BD Inc., Franklin Lakes, NJ, USA) was applied to the surface of a Mueller-Hinton agar plate (20 mL, BD Inc.). Filter papers (5 mm, Whatman 1, GE Healthcare, Little Chalfont, UK) were saturated in 1 mL of the different extract solutions. Six filter paper disks were placed on the inoculated agar surface. The filter paper disks fed with solvent alone were considered as a control sample. The zones of growth inhibition around the disks were measured after 24 h of incubation at 35 • C, except for C. albicans, for which samples were incubated at 25 • C for 24 h. The sensitivities of the test strains to the plant extracts were determined by measuring the sizes of inhibitory zones (including the diameter of disk) on the agar surface around the disks. Values <6 mm were considered as not active against each test strain. All tests were performed in triplicate and ampicillin was used as a positive control.
Antioxidant Capacity
2,2-Diphenyl-1-picrylhydrazyl (DPPH), 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid (ABTS), Trolox, sodium acetate tri-hydrate, ferric chloride, and 2,4,6-Tripyridyl-s-Triazine (TPTZ) were purchased from Sigma-Aldrich, Toluca, Mexico. All other solvents were of analytical laboratory grade. Aliquots of 1 mL were taken from each SFE extract. The solvent was evaporated under nitrogen and then the sample was dissolved in methanol and stored at −80 • C until antioxidant assays.
2,2-Diphenyl-1-picrylhydrazyl (DPPH) Radical Scavenging Assay
The DPPH assay was done according to the method of Brand Williams et al. [27] , with some modifications. A 60 µM DPPH working solution was prepared by dissolving 11.83 mg DPPH in 500 mL methanol. A 75 µL aliquot of this extract was allowed to react with 3 mL of the DPPH solution for 4 h in the dark. Following that, the absorbance was measured at 516 nm wavelength. The antioxidant activity of the extracts was calculated as (i) µM TE/g extract, using a standard curve between 100 and 1000 µM Trolox; and (ii) inhibition (%) of DPPH absorbance = ((A control − A test )/A control ) × 100.
Ferric Reducing Antioxidant Power (FRAP)
The FRAP assay was done according to Benzie and Strain [28] , with some modifications. The FRAP assay is based on the reduction of the colorless ferric complex (Fe 3+ -tripyridyltriazine) to the blue colored ferrous complex (Fe 2+ -tripyridyltriazine) by the presence of electron-donating antioxidants. The reduction was monitored by taking absorbance at 593 nm. The FRAP reagent was prepared daily by mixing 10 volumes of 300 mM acetate buffer, pH 3.6, with 1 volume of 20 mM ferric chloride and 1 volume of 10 mM TPTZ in 40 mM HCl and warmed at 37 • C before use. About 100 µL of methanolic extract was allowed to react with 3 mL FRAP solution. Results were expressed in µM TE/g extract.
ABTS Antioxidant Assay
The ABTS method described by Luis et al. [29] was performed based on the reduction of ABTS + radicals by antioxidants present in the sample. ABTS + radical cation was produced by mixing 7 mM ABTS with 2.45 mM potassium persulfate in PBS (phosphate buffer saline, pH 7.4), and incubating the mixture in the dark at room temperature for 16 h. Next, the ABTS + solution was diluted with PBS to an absorbance of 0.70 at 734 nm. About 10 µL of methanolic extract was added to 1 mL of diluted ABTS + radical solution. The absorbance was taken 6 min after initial mixing at 734 nm. A calibration curve was established using Trolox as a reference standard and results were expressed in µM TE/g extract.
Conclusions
The supercritical extract has shown optimal yield conditions of P = 30 MPa, T = 40 • C and Co-solvent flow of 8 g/min. Regarding the composition, sesquiterpenoids were detected by GC/MS, because they are the main bioactive molecules in the plant. The fatty acid profile showed higher amounts of palmitic acid (C16:0), linoleic acid (C18:2ω6c), α-linolenic acid (C18:3ω3) and stearic acid (C18:0), exhibiting anti-inflammatory, skin penetration enhancement and cardio-protective properties.
In this work we demonstrate the potential applications of H. inuloides supercritical extracts for medical applications as antioxidant, antimicrobial and as a rich source of high value compounds and fatty acids. However, further studies must assess cytotoxic effects before scale-up commercialization.
